Abstract. Recent technological advances have enabled the creation of nanomechanical structures with resonance frequencies exceeding 2 GHz. The oscillators are nanomachined single-crystal structures of silicon, designed to provide two distinct sets of coupled elements with very low and very high frequencies. At higher temperatures --in the so-called classical regime, the response to an applied driving force is continuous. At millikelvin temperatures these nanomechanical oscillators enter the quantum regime of mechanical motion with a manifestly discrete response to the applied drive. The observed discrete response most likely results from the onset of the quantum regime in these macroscopic nanomechanical oscillators. These new experiments offer exciting prospects for the studies of quantum measurement and quantum computation, involving macroscopic quantum mechanical oscillators.
Much of the effort in nanomechanics recently has been focused on the approach to the quantum regime 1 , particularly in mechanical modes at millikelvin temperatures. Although a convincing demonstration of quantum effects in macroscopic mechanical systems has remained elusive 2 , significant progress has been made in approaching the displacement sensitivity needed to observe quantum mechanical zero-point motion in megahertz-range nanobeams coupled to single electron transistors 3, 4 . In an alternative yet fundamentally different approach 5 , we have pushed the frequency of nanomechanical oscillators in the gigahertz range to approach the limit of low thermal occupation numbers / 1
The hybrid design of our resonator makes use of systems of coupled oscillators, allowing the detection of high order modes with frequencies as high as 2.76 GHz. The single crystal silicon structure is composed of a central doubly-clamped beam with two rows of sub micrometer cantilevers, elastically coupled to the beam on both sides. It is cooled to millikelvin temperatures in a dilution refrigerator. We drive and detect the oscillator magnetomotively 5 . The transverse mechanical mode spectrum of the oscillator extends from the fundamental resonance mode at 6.4 MHz to groups of high order resonance peaks extending to frequencies up to 3 GHz. Fig. 1 shows the measured spectrum of the structure, where we identify several peaks that behave predictably at the high refrigerator temperature 1200 mK T =
. The most prominent of the peaks result from overall voltage signal enhancement due to phase-coherent motion of the coupled cantilevers..
The resonance peaks occur in quasi-bands, most clearly evident from the finite element harmonic simulation of the structure spectrum 6 . The quasi-bands are expected to approach the limit of continuous energy bands in the limit of large numbers of coupled cantilevers. In a recent publication 5 we reported the first observation of discrete two state response possibly Here we present the experimentally observed discrete displacement of a 1.88 GHz mode of the same oscillator at refrigerator temperatures down to 60 mK, corresponding to 0.66 th N , plotted in Fig. 2 . The data shows a four state displacement response in the form of a staircase as a function of continuous driving force. In the frequency domain we observe clear gaps in the growth of the resonance peak when the magnetic field is increased in equal increments of 0.2 Tesla. The line shape remains closely Lorentzian, excluding the possibility of a classical nonlinear effect. Furthermore, the effect is not purely magnetic as preliminary data show that the observed transitions depend on driving current. At higher drives after the third discrete transition, the response becomes continuous and increases monotonically with the field. This striking form of the response is highly reproducible, and it depends strongly on the measured temperature of the mixing chamber of our cryostat. In preliminary measurements we observe the expected frequency shift with temperature of the 1. In one interpretation, the observed staircase response could be due to quantum transitions in the collective coherent states of a system of driven damped coupled harmonic oscillators, manifesting itself through transition to the quantum regime in the 1.88 GHz collective resonance mode at millikelvin temperatures. Further investigations are currently underway to fully characterize this remarkable effect in microwave frequency nanomechanical oscillators.
